One of the factors, which influences protein folding in vivo, is a linkage of protein domains into multidomain tandems. However, relatively little is known about the impact of domain connectivity on protein folding mechanisms. In this article, we use coarse grained models of proteins to explore folding of tandem-linked domains (TLD). We found TLD folding to follow two scenarios. In the first, the tandem connectivity produces relatively minor impact on folding and the mechanisms of folding of tandem-linked and single domains remain similar. The second scenario involves qualitative changes in folding mechanism because of tandem linkage. As a result, protein domains, which fold via two-state mechanism as single isolated domains, may form new stable intermediates when inserted into tandems. The new intermediates are created by topological constraints imposed by the linkers between domains. In both cases tandem linkage slows down folding. We propose that the impact of tandem connectivity can be minimized, if the terminal secondary structure elements (SSEs) are flexible. In particular, two factors appear to facilitate TLD folding: (1) the interactions between terminal SSE are poorly ordered in the folding transition state, whereas nonterminal SSE are better structured, (2) the interactions between terminal SSE are weak in the native state. We apply these findings to wild-type proteins by examining experimental F-value data and by performing all-atom molecular dynamics simulations. We show that immunoglobulin-like domains appear to utilize the factors, which minimize the impact of tandem connectivity on their folding. Several single domain proteins, which are likely to misfold in tandems, are also identified. 
INTRODUCTION
Large proteins typically consist of individually folded domains covalently linked through their terminals into necklace-like tandems. However, experimental and theoretical studies of folding are usually focused on single domains (SD) with untethered terminals. The resulting folding mechanisms and pathways [1] [2] [3] are related to the assembly of native structure without the constraints imposed by the linkers to neighboring domains. Because individual domains in multidomain proteins unfold and refold being constrained by tandem connectivity, it is not a priori clear if the folding mechanisms of isolated domains are relevant to tandem-linked domains (TLD). An example of TLD folding and unfolding is given by mechanically active proteins, such as titin, fibronectin, tenascin, or filamins. [4] [5] [6] At least some of the domains in these proteins are repeatedly stretched and unfolded under physiological conditions. 7, 8 If domains in mechanically active proteins are forced to unfold, how do they fold back to their native states? Does folding of the domain linked in tandem differ from the folding of isolated single domain? Do tandem-linked domains utilize certain strategies to minimize the impact of tandem linkage? There are some indications that TLD and SD folding are different. Several experiments demonstrated that the folding of tandem-linked or terminal tethered domains is slower, sometimes significantly, than the folding of isolated single domains. [9] [10] [11] [12] [13] Recently, we examined folding of single domains initiated from temperature-denatured random coil and force-denatured stretched ensembles. 14 Compared to random coil initial ensemble the folding initiated with stretched conformations is slower and proceeds via modified pathway. The assembly of native interactions is delayed with respect to collapse, because domain must first contract and equilibrate in the random coil ensemble. Those simulations have demonstrated that even without tethering domain terminals changes in folding may be induced by using stretched initial conformations. 14 The purpose of this study is to investigate general aspects of folding of multidomain tandems. Our computational strategy is based on the use of coarse grained models of proteins and construction of several heterogeneous tandems of domains. Our choice of tandem model is dictated by two considerations. First, to study the folding of TLD, reliable statistical data must be collected for large systems consisting of hundreds of amino acids. Because corresponding all-atom molecular simulations even with implicit solvent model are computationally costly, we use off-lattice coarse grained models. Second, we seek to identify generic basic consequences of tandem connectivity free of sequence specific effects. This objective is better served by coarse grained models, which retain only the most important characteristics of polypeptide chains, such as residue connectivity and heterogeneity and native topology.
By computing folding of tandem-linked domains and comparing it with the folding of isolated single domains, we provide some tentative answers to the questions posed earlier. We propose that tandem linkage of domains leads to two possible folding scenarios. In the first, tandem connectivity has a relatively minor impact on folding and the mechanisms of TLD and SD folding are similar. According to the second scenario, tandem linkage qualitatively changes folding mechanism. In particular, domains, which fold without intermediates via two-state mechanism as single domains, may misfold when inserted into tandems. The misfolded intermediates are created by topological constraints imposed by interdomain linkers. In both folding scenarios, tandem linkage considerably slows down folding. We also show that the impact of tandem connectivity is likely to depend on the flexibility of terminal secondary structure elements (SSEs). We conclude the article with the discussion on the applicability of our findings to wild-type proteins. Using reported F-value data and performing all-atom molecular dynamics simulations, we demonstrate that the folding of immunoglobulin-like domains in wild-type tandems is expected to be largely unaffected by domain connectivity. We also suggest several plausible examples of single domain proteins, which are likely to misfold in tandems.
METHODS

Construction of Multidomain Tandems
Because our goal is to identify generic consequences of tandem connectivity, we use off-lattice C a -based coarse grained models of proteins, which are useful in exploring basic aspects of folding and aggregation. 3, 15, 16 To construct tandems we use four strand b-barrel domains S1 and S2 (Fig. 1 ) introduced previously.
17 S1 and S2 consist of M ¼ 46 connected beads of three types, hydrophobic B, hydrophilic L, and neutral N. The sequences of S1 and S2 in three-letter code are B 9 N 3 (LB) 3 NBLN 2 LBN(BL) 4 N 2 LB 9 and B 9 N 3 (LB) 3 NBLN 2 B 9 N 3 (LB) 5 L, respectively. The potential energy E p includes contributions from bond-length V BL and bond-angle V BA potentials, the dihedral angle potential V DIH , and nonbonded potential V NB described elsewhere. 18 The average separation between C a -carbons along the sequence is a ¼ 3.8 Å .
The nonbonded interaction between a pair of hydrophobic residues B separated by the distance r is
where k is a random factor accounting for the diversity of hydrophobic interactions and e h ¼ 1.25 kcal/mol is the average strength of hydrophobic interactions, which serves as an energy unit in the model. The interactions between all other residues are repulsive. 18 The b-barrel fold is stabilized by proper distribution of hydrophobic residues and k factors. The energy function includes native and nonnative attractive interactions, but does not distinguish chiral states. The native structures of S1 and S2 have 106 contacts (defined with 6.8 Å cut-off) and the potential energies of À85.5 and À88.0 kcal/mol, respectively.
There are important differences in S1 and S2 native structures. In S1 [ Fig. 1(a) ], the interactions between Nand C-terminal strands b1 and b4 are about 50% stronger than the interactions between any other b-strands. Middle strands b2 and b3 form relatively few native contacts. Structural fluctuations in the native state can be evaluated by computing standard deviation in the distance between strands bi and bj at the temperature of simulations, dR(bi, bj) [Eq. (4)]. In S1, the b1-b4 interface is the most rigid (dR(b1, b4) % 0.65 Å ), whereas the fluctuations in other interstrand distances are at least 60% larger.
In S2, the first three strands form a tightly packed stable core b1-b2-b3, whereas the terminal b4 is engaged in relatively few interactions with the core [ Fig.  1(b) ]. As a result, the most rigid part of the S2 native state is the b1-b2-b3 core, in which the interstrand fluctuations (dR(b1,b2) % dR(b1,b3) % 0.7 Å ) are about four times smaller than the fluctuations in the distances between b4 and other strands. Therefore, in S1 the interface between terminal b-strands is rigid, whereas it is highly flexible in S2. These properties are relevant for the folding kinetics of these domains in multidomain tandems.
The tandems S2-S1-S2 and S2-S2-S2 are constructed by linking ''head-to-tail'' S1 and S2 domains using flexible linkers of five neutral N residues [ Fig. 1(a,b) ]. Interdomain interactions are limited to steric repulsion and the linkers are sufficiently long to minimize perturbations in domains' native states. S2-S1-S2 and S2-S2-S2 tandems are designed to study the TLD folding of the ''middle'' S1 and S2 domains, in which both terminals are constrained by linkers. We have tested two-domain constructs, but found that their folding displays no qualitative changes compared to SD folding. This outcome is due by the fact that only one domain's terminal in a dimer is constrained by linkers. Our results reported here show that a three domain tandem is a minimal system, which may show qualitative impact of tandem connectivity.
Simulation Details for Coarse-grained Model Tandems
To test the stability of the tandems we performed simulated annealing Langevin dynamics simulations. 18 We found the equilibrium properties of linked and isolated domains to be similar. The folding transition tem-peratures for S1 and S2, T F , approximately coincide. Therefore, TLD simulations may be performed under the condition of isostability for all domains in a tandem.
The TLD folding kinetics was obtained using Langevin dynamics at water viscosity. Folding is studied at the temperature T S < T F , for which the equilibrium fraction of native contacts in all domains is hQ(T s )i % 0.7. Refolding kinetics is monitored starting with either stretched (by 90% of the contour tandem length) or random coil conformations. To keep the error in folding timescales within 10%, 100-300 independent trajectories were generated. To monitor the approach to a native state we used domain overlap function
HðD À jr ij ðtÞ À r 0 ij jÞ; ð2Þ where r ij and r ij 0 are the distances between the residues i and j in the current (at a time t) and native conformations, D ¼ 0.2a, and Y(x) is a Heaviside step function. According to Eq. (2), v ¼ 1 and 0 correspond to fully unfolded and native states, respectively. The first passage time to the native state s li in a trajectory i corresponds to the first instance, when v(t) < v 0 ¼ 0.15. Given the distribution of s li , the fraction of unfolded molecules P u (t) is computed, from which the folding time The tandem S2-S1-S2 and the native topology of the middle (in color) S1 domain. The native core of S1 is formed by the terminal strands b1 (in blue) and b4 (in red). The b1-b4 interface is highly stable and rigid. (b) The tandem S2-S2-S2 and the native topology of S2 domain. In contrast to S1, the rigid native core of S2 includes nonterminal strands b2 and b3 and excludes the terminal strand b4, which has low stability and fluctuates between native and nonnative (shown by dashed line) positions. Nonnative position of b4 is associated with the cluster CL2 transiently populated in S2 TLD folding (Table I) . (c) The native topology of S1M domain, which is derived from S1 by reconnecting b-strands. In S1M b2 and b3 (formerly b1 and b4 in S1) are covalently linked and form a tight native core, whereas the interactions between the terminal strands are weak. 18 Folding of a domain is characterized by the fraction of native contacts Q, the fraction of native contacts formed by a strand bs, Q bs , and the radius of gyration R g . These probes were averaged over hundreds of folding trajectories (indicated by brackets h .. i) and fit using exponentials to extract timescales and amplitudes of kinetic phases.
Molecular Dynamics Simulation
All-atom explicit solvent molecular dynamics (MD) simulations probe the energetics of native structures of wild-type domains. The CHARMM22 force field and NAMD program 20 were used. To reduce computational costs domain's native structure was solvated in a water sphere, which extends at least 12 Å from any protein atom. To maintain water density and sphere shape spherical boundary conditions were applied to water only. A translational drift of a protein is controlled by coupling protein's center of mass to the sphere center with harmonic potential. Production trajectories were obtained using Langevin dynamics with the damping coefficient of 5 ps À1 . The temperature of production simulations is set equal to the temperature of relevant folding experiments (e.g. 298 K for I27 21 ). The fluctuations in the position of a residue i,R i ðtÞ, were evaluated using the root mean-squared displacement (RMSD) dR i given by
where s and s eq are simulation and equilibration times, R i ð0Þ is a native position. Positions of residues are given by the coordinates of C a -carbons. In computing Eq. (3), protein conformations were first adjusted to minimize the total root mean-squared deviation dR with respect to the native structure. The length of simulations s is determined from the requirement that MD trajectory reaches quasi-equilibrium in a native energy basin evidenced by a flat region in dR(t) at t > s eq . For I27 s eq ¼ 2 ns and s ¼ 6 ns (see Supplementary Materials). The average dR computed for t > s eq is 1. 
Progress Variable Cluster Method
To compute folding transition state ensemble (TSE) we use progress variable cluster method. 22 In short, structures sampled in a folding trajectory were grouped into clusters using pattern recognition algorithm. 22, 23 To filter out stochastic fluctuations a trajectory is represented by a sequence of clusters. In each trajectory i, we monitored the formation of stable native contacts as a function of the progress variable d defined as d ¼ t/s li , where t is time. A contact is considered stable at d, if it remains formed (with some tolerance for short-lived disruptions) until d ¼ 1. A sharp increase in the fraction of stable native interactions P(d) (or its derivative dP/dd) is attributed to the passage through TSE at d TSE . In our previous studies, 22 we confirmed that progress variable cluster method and ''Pfold'' (stochastic separatrix) method 24 yield consistent results.
RESULTS
Folding of Tandem-linked Domains
Folding of single and tandem-linked domains (SD and TLD, respectively) is studied using single domains S1 and S2 and three-domain tandems S2-S1-S2 and S2-S2-S2 (see Methods and Fig. 1 ). The selection of S1 and S2 is motivated by the differences in their native energetics, which allow them to qualitatively represent diverse wildtype domains. The SD folding of S1 has been reported. The S2 TLD folding is studied by monitoring the folding of the ''middle'' domain in S2-S2-S2 tandem. To imitate refolding in wild-type tandems after mechanical stretching, TLD folding was initiated with stretched conformations [ Fig. 3(b) ]. Using two exponential fit, the relaxation of hR g (t)i is described by the fast collapse timescale s c1 TLD ¼ 3 ns and the slow collapse timescale b) that by the time hR g (t)i decreases in half of its initial value, the native content measured by hQ s (t)i (s ¼ b1, . . . , b4) increases by less than 5%. Consequently, the collapse time represented by s c2 TLD is almost twice shorter than s Q TLD . However, apart from the differences at the early stages of folding and distinct timescales, TLD and SD pathways remains similar. Both feature two stages in the assembly of native conformation, delayed folding of b4, and no folding intermediates are observed. Therefore, the main consequence of linking S2 domain in a tandem is a sharp increase in folding time.
Is the result that TLD and SD folding pathways are similar general? To answer this question, we examined the TLD folding of the ''middle'' domain S1 in the tandem S2-S1-S2 starting with stretched conformations. Similar to S2 TLD folding, two exponential fit of hR g (t)i yields two time scales in S1 collapse, corresponding to fast contraction at s c1 TLD ¼ 5 ns and slower decrease in S1 dimensions at s c2 TLD ¼ 488 ns (data not shown). The distinctive feature of S1 TLD folding is that S1 reaches the native state in only 34% of 2.1 ls trajectories [ Fig.  2(a) ]. Importantly, in the last quarter of TLD simulation time, very few folding events occur. These observations suggest a formation of misfolded intermediate I, which blocks folding in significant fraction of S1 domains. The result requires further investigation, because as a single domain S1 folds without populating intermediates. The nature of I is described in detail in the next section.
To further analyze folding mechanism of S1, we partitioned TLD trajectories into folded and misfolded. In the folded phase, all b-strands fold cooperatively on a single time scale coinciding with the time scale of the assembly of native fold (for the folded phase s Q TLD ¼ 891 ns). Therefore, if S1 avoids misfolding, its TLD folding qualitatively resembles the SD folding.
TLD Folding Intermediate I
To probe the origin of I, we selected the final S1 conformations in TLD trajectories and performed steepest descent simulations to map local energy minima. Clustering 22 of the energy minimized conformations yields three structurally distinct clusters. Two clusters, CLI1 and CLI2 (Table I and 
Middle S1 domain in S2-S1-S2 tandem CLN 0. The fractions of unfolded domains S1 (a) and S2 (b) P u (t) as a function of time (thin line). TLD folding implies folding of the middle S1 (or S2) domain in the tandem S2-S1-S2 (or S2-S2-S2). Although the TLD folding time of S2 increases almost ten-fold, its folding mechanism is similar to that observed in SD folding (Fig. 3) . In contrast, TLD folding of S1 partitions into folded and misfolded phases due to formation of the intermediate I, which is not observed in SD folding. Black thick curves represent single exponential fits. For S1 TLD folding the fit characterizes the folded kinetic phase.
strands, in which both b1 and b4 are positioned on the same side of the plane defined by the middle b-strands (b2-b3). In the native cluster CLN, b1 and b4 are positioned on the opposite sides of (b2-b3) [ Fig. 1(a) and Table I ]. CLI1 and CLI2 are composed of low energy conformations with significant native content (their average potential energy À68 kcal/mol is close to the native energy of À85.5 kcal/mol). 4 . The topologies and representative structures from two conformational clusters, CLI1 and CLI2, which constitute the S1 TLD folding intermediate I. CLI1 and CLI2 differ with respect to the arrangement of the terminal b-strands b1 and b4. The probabilities of occurrence of CLI1 and CLI2 in TLD folding are 0.47 and 0.14, respectively. The native cluster CLN [ Fig. 1(a) ] is sampled only in the folded TLD phase (the probability of occurrence is 0.34). Conversion of CLI1 and CLI2 into CLN is blocked by the linkers (in green) to neighboring domains (in grey). Fig. 3 . SD (a) and TLD (b) folding of S2 is monitored by the radius of gyration, hR g (t )i (in green), the fraction of native contacts, hQ(t )i (in black), and by the fractions of native contacts formed by b-strands, hQ s (t )i (s ¼ b1,. . .,b4). The color codes for the strands are b1 (blue), b2 (yellow), b3 (orange), and b4 (red). Although an increase in TLD folding times and separation of TLD folding and collapse are observed, the SD and TLD folding pathways remain similar, because the order of folding of b-strands in both panels is identical. All quantities are normalized to vary from 0 to 1. The thick curves are exponential (biexponential for hR g (t )i in (b)) fits. Averaging is done over 100 trajectories. The dashed lines indicate equilibrium values of Q. Figure 4 shows that CLI1 and CLI2 differ with respect to the positions of terminal strands b1 and b4. This figure also reveals the factors impeding the rearrangement of I into the native state N. CLI1 and CLI2 can reach N by transient unfolding of either b4 (CLI1) or b1 (CLI2) and refolding these strands on the opposite side of (b2, b3) (pathway 1). The second pathway from CLI1 and CLI2 to N involves relocating b1 (CLI1) or b4 (CLI2) to the opposite side of (b2, b3) through the cleft between b2 and b3. The first I?N pathway does not conflict with the interdomain linkers, but is energetically unfavorable because of the strong native b1-b4 interactions present in I (Table I ). Figure 5 (a) shows that after formation of b1-b4 interface it remains highly stable and transient unfolding of the terminal strands does not occur. The second I?N pathway, which although does not break b1-b4 interactions, is topologically blocked by the interdomain linkers (Fig. 4) . If the linkers are removed, I readily converts into N within 31 ns % 0.25s F SD .
Folding TSE and Pathways in Multidomain Tandems
We first study the transition state ensemble (TSE) and pathways for TLD and SD folding of S2. Our goal is to compare nucleation mechanism in single and tandemlinked domains using a progress variable cluster method 22 (see Methods). Figure 6 shows the dependence of the fractions of stable (nucleation) native contacts formed by the b-strand bs, P bs SD (d), in SD folding (dashed lines). The propagation of stable native contacts shows that those coupling b4 with other strands are established significantly later than the stable native interactions between other b-strands. TSE region for S2 is crossed at d TS SD ¼ 0.93, which corresponds to a sharp growth in dP SD /dd (see Methods). We also computed the probability P n (d), which gives the fraction of stable native interactions formed by the residue n at d. The inset to Figure 6 shows the distributions of P n SD (d) at and around d TSE SD for SD folding. Although the plot generally demonstrates a delocalized nature of nuclei, 26, 27 nucleation contacts tend to concentrate in the threestrand native core b1-b2-b3. Only about one-third of native b1-b4 contacts are present in the TSE. These findings are in agreement with the analysis of SD folding discussed earlier [ Fig. 3(a) ].
The fractions of stable native contacts formed by bs in TLD folding, P bs TLD (d), are displayed in Figure 6 , in which the inset shows the distribution of the probabilities P n TLD (d) for individual residues. We determined that for TLD folding d TSE TLD % 0.9825 (see Methods). Comparison of the distributions of P n TLD (d TSE ) and P n SD (d TSE ) indicates that S2 TSE remains virtually unchanged upon incorporation of this domain into tandem. The most stable nucleation contacts are located in b2 and also b1 and b3 strands. The strand b4 is largely unstructured and the fraction of native interactions formed in the b1-b4 interface is just 0.2. Therefore, the SD and TLD folding in S2 is largely initiated with the middle strands. Note that TLD folding TSE is positioned closer to the native state N than SD TSE. Taking into account vastly different SD and TLD folding time scales, we find that the SD and TLD time intervals between passing through TSE and reaching N are comparable (% 6 and 13 ns, respectively). Therefore, movement of TSE toward N in TLD folding reflects a longer search for folding nuclei in the domains linked in tandems. Once TSE is reached, the descent to N is not significantly affected by the linkage. It is important to point out that the movement of TSE is not related to Hammond postulate, because d progress variable is not a structural reaction coordinate.
The TSE analysis for S1 TLD folding can only be done for those trajectories, which avoid misfolding. Although such analysis would not reflect the full impact of domain connectivity, it is still instructive to compare the TSE in SD and TLD (folded phase) trajectories. In SD folding, nucleation contacts between terminal b1 and b4 are developed prior to the formation of nucleation interactions associated with the middle strands b2 and b3. As a result, the most structured regions in the SD TSE are in the terminal b-strands. For example, the fraction of native b1-b4 interactions formed in the TSE is 0.9, i.e., b1-b4 interface is almost completely structured. The formation of nuclei and the structure of TSE in TLD (folded phase) folding are qualitatively similar to those observed in SD folding. Therefore, if S1 avoids the kinetic trap created by interdomain linkers, its TLD folding follows the same mechanism as in SD folding.
TLD Folding and Native Energetics
To establish a connection between TLD folding scenarios and the energetics of native states, we compare S1 and S2 native states and perform targeted mutations. As described in Methods, the native structure of S1 has two distinct features: (i) highly stable b1-b4 interface, (ii) virtually no interactions between the strands b2 and b3. These characteristics are responsible for the misfolding of S1 in TLD folding. To illustrate this, we created a mutant S1M by reconnecting the b-strands as shown in Figure 1(c) . In S1M most stable native interactions occur between the middle b-strands b2 and b3, whereas there are almost no interactions between terminal strands. In TLD simulations of S2-S1M-S2 tandem S1M folds on a time scale of s F TLD ¼ 819 ns with no instances of misfolding or formation of the intermediate I.
In contrast to S1, TLD folding of S2 remains robust. In its native structure the strongest attractive interactions occur between the strands b1 and b3, whereas the b1-b4 interactions are weak (see Methods). The analysis of S2-S2-S2 TLD folding trajectories shows that misfolded structures [such as shown in Fig. 1(b) by dashed line] do transiently form, but are rapidly converted to N. Consistently, the energy minimized conformations of the middle S2 from the S2-S2-S2 tandem can be grouped into three clusters (Table I ). The native cluster CLN occurs with the probability 0.45 and has native-like arrangement of b strands. The cluster CL1 [probability of occurrence 0.31, shown in Fig. 1(b) by dashed line] has a lower native content and nonnative arrangement of b4. The cluster CL2 (the probability of occurrence 0.24) is partially unfolded. Interestingly, the times of TLD folding from CL1 and CL2 are 0.09s F TLD and 0.25s F TLD , respectively. Misfolded S2 structures within the tandem rapidly reach N because of the flickering of b1-b4 native interactions [ Fig. 5(b) ].
Using S2 as an example, we can assume that the TLD folding is facilitated by the formation of stable native core made of ''middle'' strands and by the flexibility (low stability) of terminal strands (e.g. b4). If so, S2 can be forced to misfold in a tandem according to the following recipe: b2-b3 interactions must be weakened, but the b1-b4 native contacts must be strengthened. To verify this assumption we created S2 mutant, S2M, in which all contact energies between b4 strand and other strands were strengthened by 4 kcal/mol, whereas the b2-b3 contact energies were destabilized by 2 kcal/mol. As a result, the mutant S2M incorporates two energetic ''flaws'' of S1 and folds on a dramatically longer time scale of s F TLD ¼ 4.3 ls. Within the length of simulations (2.1 ls) the native yield is 63%. Therefore, incorporation of the S1-like features forces S2 to misfold in tandems.
TLD Folding Initiated with Random Coil States
Using the tandems S2-S1-S2 and S2-S2-S2, we have explored the TLD folding of the middle S1 and S2 domains starting with random coil states. The folding and collapse of S2 occur two-to three-times slower than in SD folding. Interestingly, as in SD folding the collapse and folding are synchronous and folding of the strand b4 is delayed compared to the folding of b1, b2, or b3. Therefore, apart from some increase in folding times, there are no appreciable differences in the SD and TLD folding initiated with random coils. The TLD folding of S1 qualitatively differs from its SD folding. Folding is completed (within 2.1 ls) in just 34% of trajectories, The fraction of native interactions between the terminal strands Q b1,b4 (t), in the middle S2 of the S2-S2-S2 tandem for a typical TLD trajectory. In contrast to S1, there are frequent fluctuations in b1-b4 interactions even after complete assembly of the S2 native fold. The time dependence of the radius of gyration R g (t) is shown in red. In both panels, dashed vertical lines mark the first passage time to the native state. Therefore, two effects of tandem linkage are independent on folding initial conditions. These are an increase in time scales for folding and formation of new TLD intermediates in S1. Also, irrespective of initial conditions, the TLD folding pathway of S2 is similar to that in SD folding. Stretched initial conditions do however introduce an element, which is not seen in TLD folding initiated with random coil states, that is the separation of collapse and folding. 14 
Topological Effects are the Main Factors in TLD Folding
In this section, we investigate the physical factors responsible for the increase in TLD folding times and misfolding. To this end, we attached two identical large repulsive spheres O of the radius R O ¼ 40 Å % 10.5a to S1 terminals, creating a O-S1-O system. Following Stokes formula the friction coefficient for O was set to f O ¼ 10f, where f is a friction coefficient applied to amino acids. The attachment of the spheres, which mimic neighboring domains, is motivated by the observation that in 97% of TLD trajectories for S2-S1-S2 tandem S1 folds (or forms I) after folding of both S2. (Similar results were obtained for the middle S2 in S2-S2-S2 tandem.) Because the bond O-S1 has no own excluded volume, it can be volume crossed by a protein chain. The crossing of O-S1 bond will not occur, if the bond length l is sufficiently small, i.e. l % R O þ a. In this case, steric repulsions of S1 and O would repel the polypeptide chain from crossing the O-S1 bond. Therefore, if we vary l keeping R O constant, we would change the strength of steric repulsion between the bond (which represents interdomain linkers) and domain. Specifically, we consider four values of l: l 1 ¼ 15a, l 2 ¼ 14.1a, l 3 ¼ 13.7a, l 4 ¼ 13.3a. Initiating folding with stretched conformations, we found that the folding time strongly depends on l, increasing from 0.67 ls (l 1 ) to 7.2 ls (l ¼ l 4 ). Simultaneously, the fraction of molecules folded within the simulation time (2.1 ls) decreases from 1.0 to 0.22. The final conformations in the trajectories, which failed to fold, are similar to the intermediate I observed in TLD folding of S1. The simulations using O-S2-O system do not result in misfolding, but register significant increase in folding times for the short O-S2 linkers. Therefore, attached spheres emulate the effects of tandem linkage on domain folding. It appears that the main factor affecting TLD folding is the excluded volume of the linkers and not of the domains.
To investigate the contribution of solvent friction in constraining the motions of TLD terminals, we considered the system O-S2-O, in which the length of the linker bond was set to l ¼ 13.7a. The folding simulations were done using R O ¼ 10. 2 . Therefore, topological effect created by interdomain linkers appears to be the dominant factor in TLD folding.
DISCUSSION
Consequences of Tandem Connectivity
Simulations of model multidomain tandems suggest two possible consequences of domain connectivity (Fig. 7) . Scenario 1 corresponds to the case, when the linkage of domains (such as S2) does not alter their folding significantly. In such tandems TLD folding is slower than SD folding, especially when stretched initial conditions are used. In this case, s F may increase by, at least, an order of magnitude [ Fig. 2(b) ]. Stretched initial conditions also lead to a separation between collapse and folding [ Fig.  3(b) ]. Apart from these relatively modest differences, the folding pathway and transition state ensemble remain unaltered (Fig. 6 ). Scenario 2 in Figure 7 is applied to the domains, which experience misfolding within tandems (such as S1). Their two-state SD folding is qualitatively different from the folding in tandems. TLD folding, initiated from either stretched or random coil states, leads to partitioning of molecules into folded and misfolded phases similar to kinetic partitioning observed in slow folding proteins. [28] [29] [30] Misfolded intermediates occur, when domain's terminals constrained by linkers cannot rearrange into native positions. It is important to note that due to limitations of the model the proposed scenarios are unlikely to account for all the consequences of tandem connectivity. This point is further highlighted in the Conclusions.
Factors Facilitating TLD Folding
On the basis of our simulations, we propose that the important requirement for efficient TLD folding is a conformational flexibility of the terminal secondary structure elements (SSE). From the analysis of S1 and S2 native energetics, folding pathways, and TSE, we identify two specific factors, which facilitate TLD folding. These are:
(1) the interactions between terminal SSE are poorly ordered (or absent) in the TSE, whereas nonterminal SSE are better structured; (2) in the native state the interactions between terminal SSE are weak and their interface experiences large conformational fluctuations.
Both of these factors minimize the impact of tandem connectivity on S2 folding. In S2 domain, the terminal strand b4 has low stability and the b1-b4 interface is subject to fluctuations [ Fig. 5(b) ]. Furthermore, formation of stable native interactions associated with b4 is delayed compared to the growth of nucleation contacts elsewhere in the S2 fold (Fig. 6) . As a result, b4 and its interface with b1 are poorly structured in the SD folding TSE. A highly ordered and rigid native core composed of the strands b1, b2, and b3 [ Fig. 1(b) ] provides a ''template'' for subsequent docking of b4 consistent with domain linkage.
The native state and TSE of S1 have the opposite characteristics. The terminal strands b1 and b4 represent the most stable and rigid part of S1 native core [ Figs. 1(a) and 5(a) ]. The interactions associated with b1 and b4, including their interface, are ordered in the TSE. Consequently, stable b1-b4 interface restricts the ability of S1 to fold consistently with tandem linkage. Our simulations suggest that efficient TLD folding depends on relative stabilities of the interactions between terminals and elsewhere in the structure. Therefore, the factors identified above are likely to be related and determined by native energetics.
Limitations
It is important to discuss the scope of applicability of the factors facilitating TLD folding. First, these factors are deduced from the study of coarse grained models, which represent well the generic connectivity and topology of proteins. However, because of their simplicity these models cannot fully account for the diversity of protein interactions. Therefore, the S2-like features minimizing the impact of tandem linkage may not be always sufficient to avoid misfolding in tandems. These features may be overridden by sequence specific interactions. Second, current analysis of the impact of tandem linkage is limited to two-state folding domains. Third, results of our simulations and the proposed factors are applicable to the domains, in which terminal SSEs are in close proximity. Recent survey of small single-domain PDB proteins showed that approximately half of protein domains falls into this category. 31 Fourth, the impact of tandem connectivity is difficult to predict for the domains containing large number of SSE, N SSE . To obtain a rough estimate of the number of domains, for which our results are likely to be applicable, we note that the distribution of protein domains with respect to N SSE peaks at N SSE ¼ 5 or 6. 31 Assuming that the maximum N SSE , to which the results of our study are applicable, is eight (as in Ig-like domains)
y , we estimate that approximately 40% of domains in the dataset considered by Krishna and Englander are sufficiently small. Therefore, our analysis is relevant for relatively large share of proteins.
Wild-type Domains
The natural questions, which arise from our simulations, are as follows: Are wild-type protein domains adopted to TLD folding? Are there specific domains, which are likely to misfold when incorporated into tandems? To answer these questions, we examined the native energetics and folding mechanisms of several proteins, for which detailed F-value data have been reported. Because wide sequence coverage F-value data are available for relatively few tandem-linked domains, [32] [33] [34] [35] [36] [37] our objective is to demonstrate that SD folding mechanism of some tandem-linked wildtype domains is approximately S2-like. In particular, we selected two immunoglobulin (Ig)-like domains, I27 from titin and a fibronectin type III domain from tenascin, TNFn3. We also discuss the folding of two monomeric proteins Im9 and ACBP, which are not involved in wild-type tandems.
The energetics of wild-type proteins is evaluated by computing the interactions between SSE in the energy minimized native conformations using CHARMM22 force field. The fluctuations in their native structures at experimental conditions are probed using two approaches (Methods). First, we compute the root mean-squared displacement (RMSD) dR i [Eq. (3)] for all residues i using all-atom explicit solvent molecular dynamics (MD). Second, from MD trajectories we obtain the standard deviations for the distances between SSE s 1 and s 2 dR(s 1 , s 2 ) [Eq. (4)]. A qualitative comparison between a wild-type domain and S1 (or S2) is based on the determination if the two factors facilitating TLD folding are applicable to a wild-type domain. Specifically, we consider 1. relative strengths of native SSE interactions; 2. flexibility of SSE represented by dR i and dR(s 1 , s 2 ); 3. characteristics of TSE given by F-values.
The characteristics of S1 and S2 relevant for the comparison with wild-type domains are given in the Methods.
Immunoglobulin domain I27 from titin
The folding pathway of I27 has been investigated. 38 Detailed structural information about TSE has been recently reported using restrained MD simulations. 39 These studies showed that the folding nucleus consists of the core b-strands B, C, E, and F, which include the residues with the highest F-values [ Fig. 8(a) ]. MD sampling of TSE 39 further indicates that there are no direct interactions between A 0 and G and the strand A appears to be disattached from the folded core. Our computations of RMSD values dR i demonstrate that the most rigid segments of I27 largely coincide with the most structured TSE regions [ Fig. 8(a) ]. The average dR i for the residues in the strands B, C, E, and F are 0.57, 1.28, 0.55, and 0.93 Å (the total average over B, C, E, and F is 0.84 Å ). Furthermore, the most ''rigid'' residues, i.e. those with the minimal dR i , are found within the strands B, E, and F. In contrast, the average RMSD for the residues in A, A 0 , and G are 1.07, 0.97, and 1.13 Å , respectively. The fluctuations in terminal strands are about twice larger than the fluctuations in nucleus strands B and E.
In the native state of I27, the lowest energy of nonbonded interactions (À186 kcal/mol) is between the strands B and E. The most rigid interfaces are between the strands B and E (dR(B, E) % 0.09 Å ) and between C and F (dR(C, F) % 0.13 Å ). For comparison, the distances between the terminal strands A, A 0 , and G experience larger fluctuations (dR(A 0 , G) % 0.19 Å and dR(A, G) % 0.21 Å ). The unusual feature of I27 is that the N-terminal strand is split into two fragments, A and A 0 , which act as a clamp locking the two b-sheets. Consequently, in the native state the energy of A 0 -G interactions is low (À149 kcal/mol). Nevertheless, RMSD and the fluctuations in interstrand distances indicate high flexibility of terminal strands.
The analysis presented above suggests that there are qualitative similarities in the TSE structure and native energetics of I27 and S2. In both domains, the interface between terminal SSEs is excluded from the rigid native is structured and the terminal SSE are disordered, the folding of these domains is not significantly affected by tandem linkage. In Im9 the interface between terminal helices HI and HIV (in yellow and pink) is rigid in the native state and well structured in the TSE. Therefore, Im9 is likely to misfold when inserted in multidomain tandem. The short 3 10 -helix is in orange and the residues with high F values are explicitly shown. The positions of SSEs are indicated in the top areas of the plots. The pictures are created using MolMol. 41 [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com] core (composed of the strands b1, b2, b3 in S2 or B, C, E, F in I27). The terminal b-strands are subject to large conformational fluctuations. In both I27 and S2, the native core is structured in the TSE, whereas the terminals (b4 in S2 and A, A 0 , G in I27) are largely disordered. Therefore, I27 appears to utilize the factors, which minimize the impact of tandem connectivity on folding.
Fibronectin type III domain from tenascin
The folding TSE of Ig-like domain TNFn3 has been studied experimentally 32 and using restrained MD simulations. 42 Both studies show that the core of TNFn3 made of the strands B, C, E, F is structured in TSE, while the terminal strands A and, possibly, G are not part of folding nucleus [ Fig. 8(b) ]. Similar to I27, TNFn3 is characterized by a BCEF-type folding nucleus, which excludes N-and C-terminal b-strands.
39
The lowest interstrand energies in TNFn3 native structure are for F-G (À191 kcal/mol) and C-F (À133 kcal/ mol) strand pairs, of which C-F is a part of the folding nucleus. Importantly, the A-G interactions are weak (À2.2 kcal/mol). Qualitatively, the distribution of RMSD dR i [ Fig. 8(b) ] is similar to that of I27. The most rigid bstrands are the core strands B, C, E, and F as well as C 0 , for which the average RMSD ranges from 0.53 (F) to 0.86 Å (E). The longest span of residues with minimal dR i is located in the strand F. The average RMSD for the terminal A is higher (1.06 Å ). Consistent with previous MD simulations 39 few positions in G are rigid and experience relatively small fluctuations [ Fig. 8(b) ]. The analysis of fluctuations in interstrand distances shows that the most rigid parts of TNFn3 are the pairs of strands forming the nucleus C-F and B-E (dR(C, F) % 0.12 Å and dR(B, E) % 0.13 Å ). In contrast, one of the largest fluctuations are observed in the distance between terminal A and G (dR(A, G) % 0.30 Å ). These data imply that the most disordered part of TNFn3 is the N-terminal strand A and the A-G interface is highly unstable. In contrast, b-strands forming the folding nucleus are rigid. Therefore, as I27, TNFn3 qualitatively resembles S2 and appears to incorporate the factors minimizing the impact of tandem connectivity.
TLD folding of Ig-like domains
On the basis of the analysis presented above, we conjecture that the TLD folding of Ig-like domains is similar to their SD folding. According to Scenario 1 in Figure 7 , domain connectivity is expected to increase folding timescales, especially when stretched initial states are used. This scenario is qualitatively consistent with several AFM experiments that probed TLD folding with stretched initial conditions. For example, the TLD refolding rate for Ig-like 10Fn3 inserted in multidomain tandem is k F TLD ¼ 0.9 s
À1
. In contrast, the rate of SD refolding is more than two orders of magnitude faster (k F SD ¼ 240 s
). 43 The decrease in k F TLD compared to k F SD has also been reported for I27. 44 For untethered I27 the refolding rate in water is k F SD ¼ 32 s
, 43 while k F TLD is more than 10 times slower (1.3 s
). 44 Qualitatively similar kinetic consequences of tethering domain terminals by DNA molecular ''handlers'' were reported for RNase H. 13 Scenario 1 for TLD folding initiated with random coil conformations predicts a moderate increase in folding timescales compared to s F SD . These results agree well with the TLD and SD experiments on Ig 11 and TNFn3 12 tandem constructs, in which folding from random coils was monitored. For example, for most Ig domains in wild-type titin tandems, the slowdown in folding is about twofold compared to isolated single domains. 11 Qualitatively similar conclusions were drawn for TNFn3 domains. 12 More importantly, the experiments performed for isolated TNFn3 domains and those incorporated in the tandems revealed almost identical F-value distributions. 12 This implies that the TNFn3 folding mechanism remains largely intact despite tethering of domains' terminals. These experimental results support the Scenario 1 in Figure 7 and qualitative similarity between Ig-like domains and S2.
To illustrate that folding of single domain proteins may not be adapted to tandem connectivity, we consider bacterial immunity protein Im9 and acyl-coenzyme Abinding protein (ACBP). In contrast to Ig-like domains these proteins are not found in wild-type tandems.
Bacterial immunity protein Im9
The folding TSE of Im9, which folds via two-state mechanism, has been characterized by F-value analysis 40 and restrained MD. 45 These studies showed that the terminal helices HI and HIV are well structured in the TSE [ Fig. 8(c)] . Importantly, the highest F-values are reported for the HI-HIV interface that implies native-like packing of hydrophobic interactions between two terminal SSE [ Fig. 8(c) ]. Experimental F-values 40 and accessible surface areas computed for individual residues 45 suggest that the middle helices HII and HIII are significantly less structured in the TSE than HI or HIV.
The analysis of native energetics shows that the HI-HIV interface has the lowest energy (À89 kcal/mol). The interactions between other helices are weaker, at least, by a factor of two, e.g., the next most stable interactions are between HII and HIII (À47 kcal/mol). Computation of dR i indicates that the terminal helices HI and HIV are rigid in the native state [ Fig. 8(c) Besides HI-HIV interface, the C-and N-terminal interactions involve hydrophobic contacts between a short 3 10 helix (residues 7-9) and Phe83 as well as a backbone hydrogen bond between Tyr10 and Lys84. As a result dR i for i ¼ 8, 9 are below 1.5 Å and one of lowest { To a large extend, the fluctuations in HII are due to the mobility of its N-termini. This analysis suggests qualitative similarities between Im9 and S1 domain. It appears that Im9 does not utilize the two factors, which minimize the impact of tandem connectivity. According to Scenario 2 in Figure 7 , Im9 TLD folding is expected to be not only slower than SD folding, but be also qualitatively different due to formation of new misfolding intermediates. Better ordering of Im9 terminals in the TSE relative to other SSE may limit the ability of Im9 to adjust to tandem connectivity during folding. Because the native conformations and TSE of Im7 and Im9 are simular, 40, 46, 47 we propose that TLD folding of Im7 may also be susceptible to tandem linkage. TLD folding experiments can test this prediction.
Acyl-coenzyme A-binding protein (ACBP)
The site-directed mutagenesis probing the rate-limiting step in a two-state folding four-helix bundle ACBP has been reported. 48 The rate-limiting interactions in ACBP are found to be polarized and confined to the interface between the terminal helices A1 and A4. Specifically, single mutations of eight hydrophobic residues in the A1-A4 interface, each of which reduces the hydrophobic effect, were shown to slow down folding. In contrast, for the mutations at 18 positions spread over other ACBP regions including helices A2 and A3 the decrease in folding rate was not observed. These data suggest that the A1-A4 interactions are well ordered in the TSE, but other regions are poorly structured.
The computations of the native energetics indicate that the strongest attractive interactions are formed between A2 and A4 (À148 kcal/mol) and between A1 and A4 (À112 kcal/mol). The helix A3 interacts only with A2 and forms no contacts with A1 or A4. The distribution of RMSD values dR i shows that the most rigid regions of ACBP are A1 (the average dR i is 1.48 Å ), A2 (0.94 Å ), and A4 (1.14 Å ). The helix A3 is characterized by significant fluctuations (1.88 Å ). It follows from the computation of the fluctuations in interhelical distances that the A1-A4 interface is rigid (dR(A1, A4) ¼ 0.17 Å ). The fluctuations in other interhelix distances, particularly associated with A3, are larger (e.g., dR(A1, A3) ¼ 0.40 Å ). Because the interactions between terminal helices are well structured in the TSE and there is a strong A1-A4 coupling in the native state, ACBP qualitatively resembles S1 domain. As for Im9, we propose that ACBP is vulnerable to tandem linkage and may misfold once inserted into tandems.
Repeat proteins
Several recent studies investigated folding of TRP and ankyrin repeat proteins. [49] [50] [51] These proteins are constructed of multiple copies of double helix motif, which is repeated along a sequence. Because isolated individual repeats are unstable, the stability of repeat construct is drawn from extensive interactions between the repeats adjacent along the sequence. Because of the absence of long-range tertiary interactions, folding of repeat proteins is well described by 1D Ising model 49, 51 and proceeds by adding repeats to growing folded phase. From this perspective, the repeat proteins are very different from the tandems of globular domains, which are stable and capable of folding as single isolated units. 12 Although the applicability of our findings to repeat proteins requires further studies, we still can consider as a ''domain'' a two-repeat unit, which represents a minimal stable construct. 49, 50 The lack of interactions between the terminal helices in the two-repeat ''domain'' native state and, presumably, TSE is consistent with the Scenario 1 (Fig. 7) . Ultrafast folding of repeat proteins and the absence of misfolding support the Scenario 1 predictions. 50 
CONCLUSIONS
Using coarse grained protein models, we examined the folding of tandem-linked domains and compared it with the folding of single isolated domains. Our results suggest that, in general, there can be two outcomes of linking domains into tandems (Fig. 7) . The first scenario implicates rather modest impact on folding of tandem connectivity and, consequently, the mechanisms of folding of tandem-linked and single domains remain similar. According to the second scenario, tandem linkage leads to dramatic changes in folding mechanism. In particular, protein domains, which fold without intermediates as single domains, may misfold when inserted into tandems. The misfolded intermediates are created by topological constraints imposed by interdomain linkers. We found that tandem linkage always slows down folding.
By analyzing misfolding in model tandems, we suggest that the impact of tandem connectivity can be minimized by flexible terminal SSE. Specifically, two factors are proposed to facilitate TLD folding: (1) the interactions between terminal SSE are poorly ordered in the folding TSE, whereas nonterminal SSE are better structured, (2) the interactions between terminal SSE are weak in the native state. Our study suggests that Ig-like domains appear to utilize both of these factors. Consequently, tandem connectivity is likely to have a modest impact on Ig folding (Scenario 1 in Fig. 7 ). This conclusion of our study is in agreement with the experiments, 11, 12 which showed that the main characteristics of SD folding for Ig-like domains are preserved in TLD folding. Therefore, bulk folding studies of isolated single Ig-like domains are likely to be applicable to TLD folding. Perhaps, it is not unexpected that we found Ig-like domains, which participate in wild-type multidomain constructs, to be adapted to tandem linkage. Our survey of the wild-type tandem-linked domains, for which F-value data are available, 21, [32] [33] [34] [35] [36] [37] suggests that S1-like design and, hence, Scenario 2 are generally disfavored. Figure 8 also demonstrates that high F-values generally occur for the residues, which are most rigid in the native state. This observation suggests that native energetics largely determines the F-value distributions.
We are not aware of the experiments testing the validity of Scenario 2 in Figure 7 . However, we propose several single domain proteins as possible candidates for this Scenario. Because these domains do not utilize the factors, minimizing the impact of tandem connectivity, their TLD folding could be qualitatively different from SD folding. Since terminal SSE are already ''locked'' in their TSE, errors in the position of interdomain linkers cannot be easily corrected. This might result in the formation of new category of folding intermediates, which do not occur in ''normal'' SD folding. Consequently, their TLD folding may partition into fast and slow kinetic phases, resembling kinetic partitioning in slow folding monomeric proteins. [28] [29] [30] The likely candidates for such scenario are single domain proteins Im9 and ACBP. Our findings also suggest that the main factor, which differentiates SD and TLD folding, is the topological effect imposed by interdomain linkers.
Because of the limitations of coarse grained models the proposed scenarios provide a simplified description of the consequences of tandem connectivity. In particular, their relevance to the proteins with large number of SSEs is unclear. More importantly, our model neglects attractive interdomain interactions, which are known to contribute to tandem stability 12, 52 and dynamics. 53 Nevertheless, we believe that the proposed scenarios in Figure 7 capture the basic trends in the folding of tandem linked domains. The factors facilitating TLD folding can be used to rationalize and predict the effects of tandem connectivity. Future experiments and simulations using detailed models of wild-type tandems will further test the results reported here.
